INTRODUCTION
on the basis of performed measurements are mentioned in Chapters 2 and 3. Recommendations for performance of GPR 48 comparative measurements focused on two applications, pavement layer thickness and reinforcement position in 49 concrete, are presented in Chapter 4. 50
TECHNICAL REGULATIONS

51
There is currently no European standard addressing the diagnostics of roads and bridges by GPR. No creation or 52 adoption of any standards from ASTM D6432-11, ASTM D4748-10 (2015), ASTM D6087-08 (2015) is currently 53 expected within CEN. 54 However, on the national level within Europe there are guidelines and regulations targeting the diagnostics of transport 55 infrastructure conditions using GPR. The most detailed ones are English DMRB 7.3. 2 (2008) and DMRB 3. 1.7 (2006) , 56
THICKNESS DETERMINATION
121
Comparative measurements of devices used for measuring variable pavement characteristics are performed in the Czech 122
Republic in accordance with technical specification of the Ministry of Transport TP 207: Accuracy trial. The 123 specification deals with measuring surface characteristics and pavement deflections. 124
In 2015, the authors of this paper designed a method to extend accuracy experiment to continuous measurement of 125 pavement layer thickness by GPR on reference road sections. The design is based on the results of the first performed 126 comparative GPR measurement on a two-kilometre motorway section with three bridge structures (six organizations 127 participated in the experiment). 128
The specific measurement of total thickness of asphalt layers was performed in the middle of the right (slow) traffic 129 lane. Individual measurements were performed without traffic restrictions, under traffic flow speed, and were performed 130 on different days. The decision concerning used signal processing methodology was left to each participant according to 131 its common practice. The real thickness was verified by several core drills and the evaluation was made in two levels. 132
In the first level the participants had no available information from drills and each comparative measurement participant 133 needed to determine electromagnetic signal propagation velocity using their own methods. In this case, the signal 134 propagation velocity used by individual participants ranged between 0.116 and 0.150 m/ns. 135
In the second level, the experiment participants were given information from one drill. Based on known asphalt layer 136 thickness in a specific place, it was possible to determine the electromagnetic signal propagation velocity more 137 accurately and reached an average value of around 0.130 m/ns. The difference between individual evaluation levels 138 along the whole monitored road section is presented in Fig. 1 . 139
When evaluating comparative measurement results, the measurements of two organizations were disqualified. One 140 organization failed to maintain the recommended steps of measuring and the layer courses provided insufficient detail. 141
The other stated a constant thickness of asphalt layers of approx. 260 mm for the whole monitored section. The asphalt layer thicknesses on bridges determined by the organizations and marked GPR 1 to GPR 4 are very similar; 149 they only differ in one case, on bridge No. 3 (see Fig. 1 ). The error was made on identifying the edge between the 150 asphalt layer and concrete bridge deck. 151
When comparing the results of 4 organizations, individual 5-metre segments were taken into account. The difference in 152 determined asphalt layer thickness from the average value on bridges ranged from 3 to 15 mm, i.e. 1 -9 % of layer 153 thickness. The difference in determined asphalt layer thickness from the average value outside bridges ranged from 10 154 to 18 mm, i.e. 3 -5 % of layer thickness. 155
Along with the evaluation of measured layer thickness, driven distance on the monitored section was also compared. 156
The maximum error was within 4 metres, i.e. less than 0.2 %. 157
COMPARATIVE MEASUREMENT OF GPRS IN FRANCE -PAVEMENT LAYER THICKNESS DETERMINATION 158
In the 2000, the Technical and Scientific Network (TSN) of the French Ministry of Environment, Energy and Sea 159 organized a comparative experiment for their different GPR systems for road layer thicknesses measurement. 160
Three GPR systems were tested with several central frequency antennas: 400 and 900 MHz ground-coupled antennas 161 and 1000, 1500 and 2000 MHz air-coupled antennas. 162
The final objective was to estimate the global uncertainty on layer thickness measurements, including the influence of 163 time window effect, reference (coring location), scan picking, ambient temperature, height of antenna, speed of 164 acquisition, repeatability and reproducibility. 165
Three types of course were tested; asphalt, concrete and unbound layers, implying several types of interfaces with 166 specific electromagnetic contrasts and depths to detect. Interfaces between two successive courses are generally easy to 167 tests gathered all the other interfaces, which is more difficult to detect either due to low electromagnetic contrast 169 between two similar layers or to important and variable depths (Fam. 2) . 170
This notion of family of interface was designed by the TSN and validated by the Ministry, which also set some specific 171 class of accuracy, limiting the uncertainty of road thickness estimation, in relation to road managers requirements. 172
Static or nearly static measurements were done on homogeneous granite slabs (thicknesses: 48, 50 and 52 mm) and on 173 an indoor 5-m long road test-site (presenting 4 types of structures). Similarly, dynamic measurements were done on the 174 same days (same time of day), on 9 road sections of 100m long, at 40 km/h for air-coupled antennas and 30 km/h for 175 towed system supporting ground-coupled antennas. For the dynamic test focused on the speed acquisition, vehicles 176 rolled from 20 to 60 km/h. 177 GPR data processing steps were following: 178 -on the granite slabs and the 5m road test site, the stability of the amplitude pickings was studied using their 179 averages and standard-deviations, 180 -on the 100m road sections, after an adjustment of the longitudinal location, the calculation of the average and 181 standard-deviation of GPR scans for every measurement were performed. 182
The decision concerning used signal processing methodology was left to each participant according to its common 183 practice. While analyzing the results, the experimental campaign showed the negligible effect of the height of the 184 antennas, the ambient temperature, the time window and vehicle velocity on measurements. The uncertainty of 185 reference (choice and measurement of cores) on the estimation of the layers along the sections was evaluated to 0.8 mm. 186
The global uncertainties of the GPR systems remains are depicted in Fig. 2 for the two families of layer interfaces. All 187 systems remain under the requested class of accuracy. Moreover, it is interesting to state, ground and air-coupled 188 present similar uncertainties, and that these ones do not increase as the central frequency of antennas decreases. 189 Several isolation joints between two pavement sections were selected where the locations of dowels and tie bars were 225 measured directly in the joint (Fig. 4, right) Repeatability was analysed through three identical overruns made with each cart during the localization of dowels (Fig.  240   5 ) and tie bars. When localizing tie bar positions, the results were compared with the real positions in the isolation joints
Fig. 5 Repeatability of measurements -dowel positions in a construction joint -GPR device 1, three overruns, GC -244 means ground-coupled antenna 245 246
Fig. 6 Localization of tie bars in an isolation joint in comparison with real position -GPR device 1, three overruns, GC 247 -means ground-coupled antenna 248
In order to determine built-in reinforcement location more accurately three overruns by a two-channel GPR device in 249 three different lines were performed, i.e. up to six positions of a dowel or tie bar were recorded. Subsequently, the 250 linearization of these points was performed. 251
The differences in location of monitored 220 dowels and tie bars in isolation joints measured in 2015, are shown in direct measurement GPR 1A -1.6 GHz GC GPR 1B -1.6 GHz GC GPR 1C -1.6 GHz GC
Fig 7 Repeatability of GPR measurements in horizontal and vertical direction for three overruns -results from 220 255 dowels and tie bars in isolation joints 256
Fig 8 Accuracy of GPR measurements in horizontal and vertical direction -results from 220 dowels and tie bars in 258 isolation joints 259
Based on all results of GPR measurements, the following conclusions were made: 260 -repeatability for 3 overruns: 261 
CONCLUSIONS FROM PERFORMED MEASUREMENTS
272
In order to reach required accuracy, it is necessary to maintain certain rules for measuring and for evaluating the data 273 measured by GPR. 274
The optimum setting of the equipment for a specific application includes an option to select the number of channels, 275 frequency of antennas, speed of measurement, measured data localization method, etc. The option is often left for the 276 device operators, since it is closely related to available devices. 277
The effect of correct determination of electromagnetic signal propagation velocity through a tested environment was 278 found to be the most decisive factor for accurate determination of layer thickness or reinforcement depth. Ideally, the specific electromagnetic signal propagation velocity should be determined with the use of core drills or by 287 directly measuring of thickness or depth. If they cannot be used, CMP, WARR and other methods are employed to 288 reach the maximum accuracy of this value. 289
Prerequisite for correct determination of horizontal position is sufficient accuracy of the device used for measuring of 290 driven distance and the evenness of the measured surface. When measuring pavement layer thickness, the monitored 291 road section is divided into smaller units to prevent serious errors. In some cases it was obvious that the depths are 292 determined correctly but the driven distance was incorrect, which is particularly hazardous for the determination of 293 electromagnetic signal propagation speed with the use of core drills performed in a specific position. 294
Regarding laboratory measurements, high accuracy is often reached particularly when determining the position of built-295 in reinforcement in horizontal and vertical directions. Repeatability of GPR measurements is usually not a problem.and supress undesirable effects, such as passing vehicles, electric power network, etc. The data from measurements 298 performed at new structures, rather than at older ones, are much clearer, which is particularly obvious at layers from 299 asphalt concrete. 300
The interpretation of pavement layer thickness measurement data is performed in graphic form where all measured 301 values along the whole monitored road section are shown. The evaluation uses the table form, where it is necessary to 302 select an interval for the calculation of averages of measured thickness. This may be a source of inaccuracies at a 303 sudden change in thickness, particularly in combination with inaccurate driven distance measurement. 304
The interpretation of built-in reinforcement position from measurement data, e.g. dowels in concrete pavement, is 305 easier, since every reinforcement element is evaluated separately. The table marks the dowels which fail to meet the 306 requirements for tilt and the accuracy of placement depth. 307
RECOMMENDATIONS FOR PERFORMANCE OF GPR COMPARATIVE MEASUREMENTS
308
Based on the existing experience, comparisons of different GPR devices, and performance of comparative 309 measurements of GPRs and other NDT devices, the below mentioned general recommendations were formulated which 310 are specifically related to two GPR applications, i.e. measuring of pavement layer thickness and localization of built-in 311 reinforcement. 312
During the first phase, it is necessary to check the functionality of the GPR system, ideally on a reference sample from 313 homogeneous material verifying the signal shape (time course, amplitude, signal-bias ratio) and its stability. This check 314 should be made in regular intervals even outside comparative measurements. Related recommendations are shown in 315 e.g. ASTM D6087-08 (2015), [19] . 316 Thereafter, the process should be verified on a real structure or a large-scale testing sample. However, in case of testing 317 sample there is a disadvantage that the results will become known over time and it is necessary to produce a new 318 sample. 319
Apart from checking the correct determination of layer thickness/reinforcement depth, it is also necessary to verify 320 devices used for measuring of a driven distance/measurement localization (DMI -Distance Measuring Instrument, 321 GNSS -Global Navigation Satellite System). 322
Comparative measurements must generally be performed on the same day and under same conditions for all 323 measurement participants.
Pavement layer thickness 327
The requirement for measurement accuracy needs to be based on the measurement purpose which the devices are to 328 serve. European project ROSANNE deals with three different precision classes: 329 -Level 1 -measurements in construction contracts.
The specific requirement should be defined by a relevant state administration body, road administrator or other end 333 users of measurement results. 334
The equipment used and signal processing methodology could be unspecified, however, it is necessary to state whether 335 the measurement is performed along a single longitudinal line or it is a 3D measurement, to state required depth range, 336 and minimum measurement speed. 337
Testing road sections should include traditional structures with asphalt concrete layers, or with concrete pavement 338 respectively (in case they are applied on the road network). Thickness of new pavement layers can be measured by a 339 laser scanner before and after their laying, which makes information on the real condition more accurate. Regarding 340 older pavements, core drilling is made for carefully pre-selected positions. It is recommended to have at least 100 m 341 long sections with changing layer thicknesses at their length. 342
The measurement should be performed by at least 3 repeated, consecutive, overruns of GPR devices. The evaluation of 343 the measured data should ideally be performed at two levels, at first without calibration, while every participant 344 determines the electromagnetic signal propagation velocity with their own method, and then with information from core 345 drilling (location of drilling, individual layer thickness). Evaluation should be applied on both the repeatability of 346 measurements by individual devices, and the difference between determined and real layer thickness. It is recommended 347 to make averages every 1 metre for the measured thickness, which may be adjusted based on the frequency and extent 348 of layer thickness changes. two points within a single overrun. Therefore, besides the location, it is possible to determine the tilt of dowels, which is 356
evaluated. 357
The measurement should be performed on several joints of concrete pavement, where sufficient variability of dowel 358 position (depth, spatial position) was determined in advance. The test sections should be produced with the use of at 359 least two different concrete mixtures. The measurements should be performed at least three times, due to the evaluation 360 of repeatability. The evaluation of the measured data should ideally be made at two levels, at first without calibration, 361 while every participant determines the electromagnetic signal propagation velocity with their own method, and then 362 with information on a position of one dowel for each concrete mixture (depth in the joint). The accuracy of localization 363 of dowel in horizontal and vertical direction in a selected place, usually in a joint, and its tilt (horizontal and vertical 364 displacement) is evaluated. 365
CONCLUSION
366
The performance of in-situ comparative measurements of GPR systems used for diagnostics of road infrastructure is 367 currently not required and organised at national and international levels. 
